Abstract-Powered knee and ankle prostheses have the potential to improve the mobility of individuals with a lower limb amputation. As the number of different ambulation modes the prosthesis can be configured for increases, so too does the challenge of how to best transition the prosthesis between these modes. Pattern recognition systems have been suggested as a means to provide seamless and natural transitions, although error rates need to be reduced for these systems to be clinical viable. Delaying mode transitions by a small window may be one way to reduce error rates and improve reliability. The goal of this study was to develop and test a system for powered lower limb prostheses that introduced a delay between mode transitions. Three transfemoral amputees used a knee-ankle prosthesis to stand, walk on level ground, ascend/descend a ramp, and ascend/descend stairs. On Day 1 mode transitions occurred at a gait event (e.g., heel contact), and on Day 2 mode transitions occurred 90 ms following a gait event. A modespecific pattern recognition system was trained and tested on each day. The 90 ms transition delay did not negatively affect users' performance ambulating with the prosthesis. Offline classification error results showed that the 90 ms delay reduced overall classification errors from 1.30% [0.29%], mean [SD], for the non-delayed system to 0.42% [0.22%] for the delayed system. These results demonstrate that delaying mode transitions by a small window of time can reduce overall errors, which moves these systems one step closer to clinical viability.
I. INTRODUCTION
Over the last decade, research on and development of powered lower limb prostheses have been on the rise [1] [2] [3] . The overall goal of these devices is to improve the mobility and function of individuals with a lower limb amputation. Studies investigate how these devices should be controlled within an ambulation mode (e.g., walking, stair climbing, sit-to-stand) and demonstrate their benefits for assisting users with performing demanding tasks that require net positive mechanical work. The potential benefits include achieving more normal and symmetric gait kinematics and kinetics [4] [5] [6] [7] [8] .
An essential part of the control of these powered prostheses is how well they can transition between different ambulation modes. Transition reliability is necessary for these devices to be seamlessly integrated into an amputee user's activities of daily living. Using a key fob or making an exaggerated lower limb movement to transition between modes [1, 9] can be reliable, although it is cumbersome to the user and does not provide them with the ability to perform these transitions naturally. While pattern recognition algorithms can create seamless transitions, error rates for mode transition steps remain higher than for steadystate steps [10] [11] [12] . Overall system error rates need to be reduced before these systems are clinically viable.
Predicting upcoming mode transitions is challenging. In current systems, these algorithms predict the transition using data prior to heel contact, toe off, or other gait events [11, 13, 14] . For example, while a user is transitioning from level-ground walking to descending stairs, the pattern recognition system needs to predict 'stair descent' at heel contact of the prosthesis on the first stair. The prosthesis would then change its mechanical response such that a user could ride the knee down and descend stairs with a reciprocal gait. The timing of this transition was dictated by the assumption that the prosthesis needed to be in 'stair descent' mode prior to the user shifting weight onto the prosthesis. With a system configured in this way, the window of data the pattern recognition system is using to predict the upcoming ambulation mode does not contain any information of the prosthesis on the new surface (e.g., stair).
More recent investigations into transition steps highlight a potential critical timing window [15, 16] in which the prosthesis can safely switch from one ambulation mode to another. It is possible that delaying the transition by a small window of time may not affect user performance. Moreover, delaying this transition would allow data of the new surface to be used in the pattern recognition system. This small amount of data on the new surface likely would contain information that could better separate the ambulation modes and potentially reduce system errors.
The goal of this study was to develop and test a system for powered lower limb prostheses that allowed for delayed mode transitions. Three transfemoral amputees used a powered knee-ankle prosthesis to perform a series of tasks involving six modes (standing, level-ground walking, ramp ascent, ramp descent, stair ascent, and stair descent) on two separate testing days. All patients were fit to a third generation powered kneeankle prosthesis designed by Vanderbilt University [3, 18] ( Fig. 1) . The prosthesis was controlled with an impedancebased model of the knee and ankle joints. Joint torque, , was calculated according to:
where corresponded to the knee or ankle joint, was the joint angle, and ̇ was the joint angular velocity. Impedance parameters, stiffness, , equilibrium angle, θ e , and damping coefficient, , were modified within a finite state.
The finite state machine consisted of six modes including standing, level-ground walking, ramp ascent/descent, and stair ascent/descent. Each mode had at least one swing and stance phase and used mechanical sensor data including axial load, ankle and knee angles and velocities to trigger between phases [3, 6, 7, 11, 19] . .Impedance parameters were configured for a biomechanically appropriate prosthesis response in each mode [8, 19] . Transitions between ambulation modes occurred either instantaneously at or 90 ms following one of four gait events (i.e., heel contact, mid-stance, toe off, or mid-swing). The finite state machine system evaluated mechanical sensor data every 30 ms; a 90 ms delay represented 3 frames of data. The length of the delay was determined following pilot tests and selected to include a small window of data after the gait event but not to be perceived as a functional delay by the user.
Users participated in a two-day experiment. On each day they performed a series of ambulation tasks including 1) 10 trials of level-ground walking at slower, self-selected, and faster speeds, 2) 5 trials of standing including shuffling and lateral stepping, 3) 20 trials of a circuit which included level walking, ascending/descending a 10 degree incline, and ascending/descending a 4-step or 3-step staircase, 4) 4 trials of climbing stairs in a stairwell, and 5) 20 trials of ascending/descending two stairs with a standing approach. The experimenter manually transitioned (via a key fob input) the prosthesis between ambulation modes at one of the four gait events. For Day 1, these mode transitions occurred instantaneously at the aforementioned gait events (i.e., NonDelayed System) and for Day 2 these mode transitions occurred following a 90 ms delay (Delayed System). Users were not told of the transition delay for Day 2.
B. Data analysis
During all tasks, data were recorded from mechanical sensors embedded on the knee-ankle prosthesis. These data, recorded at 500 Hz, included knee and ankle joint angles and velocities, motor currents, prosthesis acceleration and rotational velocity, calculated thigh and shank inclination angles, and a six degree-of-freedom load cell. Kinematic and kinetic data were compared at 250 ms after a gait event to see the effect, if any, that delaying mode transitions had on the user's ambulation.
A mode-specific classification structure was used to evaluate the performance of each systems. [17] . A separate classifier was trained for each ambulation mode and the available mode transitions at a gait event. Level-ground walking and ramp ascent data were treated as one class [6, 20] . This data grouping was chosen because these two modes had similar impedance parameter settings [19] . Data were segmented into 300 ms windows immediately before heel contact and toe off for the Non-Delayed System (e.g., from 300 ms before heel contact to heel contact) and 210 ms before heel contact and toe off for the Delayed System (e.g., from 210 ms before heel contact to 90 ms after heel contact). Six time domain features (mean, standard deviation, maximum and minimum values and initial and final values) were extracted from each analysis window [14] . Principal component analysis was used for feature reduction [21] . Dynamic Bayesian Network (DBN) classifiers were trained [10] using leave-one-out cross validation.
Classification error was calculated for each classifier and compared between the Non-Delayed and Delayed data sets. To better compare to previous systems, error rates were averaged across classifiers and each of the four gait events (heel contact, mid-stance, toe off, and mid-swing) and separated into steady state and transition errors. Steady-state errors were calculated as the percentage of steps that were misclassified when the user was not changing ambulation modes and transition errors were calculated as the percentage of steps that were misclassified when the user was transitioning between two ambulation modes.
III. RESULTS
All users were successful performing all ambulation tasks on both days. Knee and ankle kinematics were similar for the Non-Delayed and Delayed systems for the heel contact classifier (Fig. 2, top and middle) (Table I) . Users did not perceive a delay when transitioning from walk to ramp descent, ramp descent to walk, walk to stair descent, stair descent to walk, or stand to stair descent transitions. There was a perceptible delay in prosthetic knee and ankle joint angles for the toe off classifier (Fig, 2, bottom) (Table I) during stand to stair ascent and walk to stair ascent transitions. While this delay was noticeable to the clinicians, it did not negatively affect users' performance or detract from them performing a seamless and natural transition to stair ascent.
Delaying classification decisions by 90 ms reduced overall classification errors from 1.30% [0.29%], mean [SD] , for the Non-Delayed System to 0.42% [0.22%] for the Delayed System (Fig. 3) . A similar trend was observed for steady-state steps and transition steps, with transitional error rates higher than steady-state error rates (Fig. 3, Fig. 4 ). For the Delayed System, steady-state error rates on average were under 1% and transitional error rates on average were under 2%. Comparing across all four gait events, the heel contact classifiers showed the highest reduction in error rates when decisions were delayed by 90 ms (Fig. 4) .
IV. DISCUSSION
All users were successfully able to transition between standing, level-ground walking, ramp ascent, ramp descent, stair ascent, and stair descent both when the prosthesis mode transitioned immediately following a gait event (e.g., heel contact) and when the transition was delayed by 90 ms after a gait event. User feedback indicated that the delayed mode transitions did not affect user's stability. Gait kinematics revealed no difference in joint angles or weight transfer onto the prosthesis for mode transitions that occurred at heel contact. A slight delay in joint kinematics can be seen for mode transitions that occurred at toe off.
Delaying mode transitions had a positive effect on the performance of the intent recognition system. Overall classification error rates were reduced from 1.3% for the Non-Delayed System (i.e., Day 1 data) to 0.4% for the Delayed System (i.e., Day 2). Likely this reduction in classification error is due to the differences in the data following a gait event. For the heel contact classifier, this delayed window of data contained information about the prosthesis and user response once the prosthesis made contact with the new surface (e.g., a stair or a ramp). For the toe off classifier, the delayed window of data contained information about how the user was unloading the prosthesis and information about what they were beginning to do once the prosthesis was fully unloaded (e.g., rapidly flexing their hip in order to transition to stair climbing). While it is possible that a much longer delay can further reduce error rates, it likely will begin to negatively affect the user's gait. A long delay could be perceived by the user as a functional delay, and a transition outside the critical timing window may affect the user's walking balance [16] .
There are some limitations with this study. The results compare pattern recognition systems trained and tested with separate days of data. This was done in order to compare gait kinematics of transitions between Delayed and NonDelayed systems. Additionally, more users need to be tested to confirm that a 90 ms delay does not negatively affect their performance while ambulating on the knee-ankle prosthesis. Finally, this study reports offline error rates. The delayed system still needs to be tested in real-time, although we expect to see a similar trend since lower limb intent recognition systems have been shown to have carry over from offline to online performance [11] .
V. CONCLUSION
This study developed and tested an intent recognition system for powered prostheses that allowed for delayed mode transitions. Three individuals with a transfemoral amputation successfully used a powered knee-ankle prosthesis to transition between standing, level walking, ascending/descending a ramp, and ascending/ descending stairs. The results demonstrated that delaying ambulation mode decisions by 90 ms did not negatively affect users' gait and did reduce pattern recognition system prediction errors. These results are encouraging because they provide an additional way to improve intent recognition systems. 
